Exposure of rats to stress evokes complex physiological and neurochemical responses that regulate homeostasis [1, 2] . Stress-induced changes in thermoregulation [3, 4] are dependent on activation of the sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenocortical (HPA) axis [5] . We previously demonstrated that repeated exposure of rats to immobilization stress resulted in improved cold tolerance via enhancement of nonshivering thermogenesis (NST) [6] .
Abstract: Repeat immobilization-stressed rats are leaner and have improved cold tolerance due to enhancement of brown adipose tissue (BAT) thermogenesis. This process likely involves stress-induced sympathetic nervous system activation and adrenocortical hormone release, which dynamically enhances and suppresses uncoupling protein 1 (UCP1) function, respectively. To investigate whether repeated immobilization influences UCP1 thermogenic properties, we assessed UCP1 mRNA, protein expression, and activity (GDP binding) in BAT from immobilization-naive or repeatedly immobilized rats (3 h daily for 4 weeks) and sham operated or adrenalectomized (ADX) rats. UCP1 properties were assessed before (basal) and after exposure to 3 h of acute immobilization. Basal levels of GDP binding and UCP1 expression was significantly increased (140 and 140%) in the repeated immobilized group. Acute immobilization increased GDP binding in both naive (180%) and repeated immobilized groups (220%) without changing UCP1 expression. In ADX rats, basal GDP binding and UCP1 gene expression significantly increased (140 and 110%), and acute immobilization induced further increase. These data demonstrate that repeated immobilization resulted in enhanced UCP1 function, suggesting that enhanced BAT thermogenesis contributes to lower body weight gain through excess energy loss and an improved ability to maintain body temperature during cold exposure. [The Japanese Journal of Physiology 53: [205] [206] [207] [208] [209] [210] [211] [212] [213] 2003] nesis and lipolysis to increase available substrates for stress responses and promote the vasoconstriction action of catecholamines to prevent heat loss. Further, glucocorticoids promote differentiation of BAT (via BAT glucocorticoid receptors) and expression of UCP1 gene in culture of newborn lamb adipose tissue [16] . While several studies have demonstrated that exogenous glucocorticoids inhibit BAT thermogenesis and UCP1 function in vivo [17, 18] and in vitro [19, 20] , the effects of passive elevation in glucocorticoids differ from the effects of active elevations of glucocorticoids through HPA axis [21, 22] . Further, BAT thermogenesis is regulated by the balance of SNS and HPA axis activation during stress stimuli, however, the role of UCP1 in this process remains unclear. Though it is expected that an increased NST potency in the immobilization-stressed rat is caused by an enhancement of BAT thermogenesis through a control of UCP1 function, there is no experimental result showing changes of UCP1 function under the immobilization stress.
The goal of the present study was to characterize the effect of repeated immobilization on basal level and responsiveness of UCP1 activity and expression in rats. Further, we investigate whether modification of UCP1 function by immobilization is regulated by endogenous corticosterone (glucocorticoids).
MATERIALS AND METHODS

Animals.
Male Wistar rats were obtained from Shizuoka Laboratory Animal Center, Hamamatsu, Japan, and individually housed in wire-bottomed cages at 25Ϯ1°C and 50% RH under artificial lighting from 7:00 to 19:00 with free access to standard laboratory chow (Oriental MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water. All rats were habituated to home cages for 1 week before experiments and were handled everyday with or without immobilization throughout the experiments. All immobilization experiments were carried out under the room temperature (25Ϯ1°C) slightly lower than the thermoneutral condition [23] . Experiments were performed in accordance with the "Guiding Principles for the Care and Use of Animals in the Field of Physiology Sciences," approved by the Council of the Physiological Society of Japan. Experiment 1. Sixty-two rats, weighing 180-200 g (aged 7 weeks), were divided into two groups: naive group (naive) and repeated immobilization stress group (repeated). Body weight and food intake were measured everyday. The immobilized stress group was subjected to immobilization for 3 h daily from 10:00 to 13:00 for 4 weeks excluding Sundays. Naive group rates were placed in the same room as immobilized group for the period of immobilization. Immobilization was performed as previously described [24] , with slight modification. Briefly, rat forepaws were firmly tied together with adhesive tape; and hind paws were similarly secured. The rat was then laid on its side on a wooden board, and flexible wire gauze was stapled around its contour without restricting breathing. Twenty-four hours after the last treatment, half of the rats from each group were acutely immobilized from 10:00 to 13:00 (acute IMO). The remainder of the animals served as resting controls (resting). After acute IMO, all rats were killed by decapitation without anesthesia. Experiment 2. Forty-eight rats, weighing 220-250 g (aged 10 weeks), were divided into two groups: a sham operated group (Sham) and an adrenalectomy group (ADX). ADX was performed under thiopental (40 mg/kg body weight) anesthesia. Briefly, a single dorsal midline incision was made through the skin at the level of the kidneys. After retraction of the skin to the left, a longitudinal incision was made along the lateral border of the dorsal muscle mass. The fat tissue lying between the adrenal and the kidney was held with fine-toothed curved forceps and pulled into the incision so that the adrenal was visualized for removal. The second adrenal was removed in a similar fashion. Control groups were sham operated in an identical manner, excluding actual adrenal removal. After surgery, ADX rats were provided with physiological saline to drink ad libitum. Forty-eight hours after surgery, half of the rats from each group were acutely immobilized from 10:00 to 13:00 (acute IMO), and rats were killed by decapitation without anesthesia.
In both experiments, interscapular BAT (iBAT) was excised, and a small portion was immediately frozen in liquid nitrogen and stored at Ϫ70°C for Northern blot analysis. Mitochondria were isolated from the remainder of the tissue for GDP binding and Western blot analysis.
Isolation of BAT mitochondria. Mitochondria were isolated from pooled iBAT from 2-3 rats according to the method of Cannon et al. [25] , Briefly, the tissue was homogenized in a 250 mM sucrose solution, filtered through gauze and centrifuged at 8,500ϫg for 10 min. The pellet was resuspended in the sucrose solution and centrifuged at 700ϫg for 10 min. The supernatant was centrifuged at 8,500ϫg. The resulting mitochondrial pellet was resuspended in 250 mM sucrose solution with 2% fatty-acid-free bovine serum albumin and centrifuged at 8,500ϫg. The pellet was again resuspended in the sucrose solution and centrifuged at 8,500ϫg. The resulting albumin-washed mitochondria was suspended in a small volume of the sucrose solution and stored on ice. All steps were carried out within 2 h and while on ice. Mitochondrial protein concentration was measured by the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA) and immediately used for GDP binding experiments or stored at Ϫ70°C for Western blot analysis.
[ 3 H]GDP binding experiment. The amount of GDP binding to mitocondria was used as an index of UCP1 activity [26] . Briefly, the mitochondria were incubated at 21°C for 10 min at a concentration of 1 mg mitochondrial protein/ml in a medium consisting of 100 mM sucrose, 20 mM K-TES, 1 mM EDTA, 5 M rotenone, 10 M GDP (Sigma, St. Louis, USA) labeled with 0.27 Ci/ml . cDNA probe preparation. Total RNA of iBAT was prepared using TRIzol Regent (Gibco BRL, Life Technologies, Inc., Frederick, USA). UCP1 cDNA probe was obtained by RT-PCR using iBAT total RNA as template. Primers for the UCP1 cDNA fragment were 5Ј-GGATCAAACCCCGCTACACTG-3Ј (forward, position 625-645) and 5Ј-CAGGATCCGA-GTCGCAGAAAA-3Ј (reverse, position 1001-1021) based on the rat UCP1 cDNA sequence (M11814, GenBank). Thirty cycles of RT-PCR was carried out with Titan One Tube RT-PCR System (Roche, Germany) under the following conditions: reverse transcription at 50°C for 30 min; denaturation at 94°C for 45 s, annealing at 58°C for 45 s, and extension at 68°C for 1 min. The amplification products were analyzed and purified from electrophoresis agarose gel using High Pure PCR Product Purification Kit (Roche, Germany). Probes were labeled with [ 32 P]dCTP (Amersham Pharmacia Biotech) by random primer labeling using cDNA labeling beads (Amersham Pharmacia Biotech). A 35-base synthetic oligonucleotide specific for the 18S rRNA subunit was used for correction for loading and blotting differences. The oligonucleotide was labeled with [ 32 P]ATP (Amersham Pharmacia Biotech) using Polynucleotide Kinase (Pharmacia Biotech, USA).
Northern blotting. The iBAT total RNA (15 g) was electrophoresed in a 1.25% agarose gel containing 6.2% formaldehyde and transferred to a nylon membrane (Hybond-N, Amersham Pharmacia Biotech) by capillary blotting. The membrane was hybridized for 1 h at 65°C in QuikHyb Hybridization Solution (STRATAGENE, La Jolla, CA, USA) with labeled probe, then washed twice for 15 min in 2ϫSSC (1ϫSSC is 150 mM NaCl, 15 mM sodium citrate, pH 7.0) containing 0.1% (wt/vol) SDS at room temperature and once in 0.1ϫSSC/0.1% SDS at 60°C for 30 min. The membrane was exposed to an imaging plate, and the autoradiogram signals were quantified with a BAS2000 Bioimage analyzer (Fuji Photo Film, Tokyo, Japan).
Western blot analysis. UCP1 protein expression of in BAT mitochondria from the rats in experiment 1 was determined. The iBAT mitochondrial protein (2.0 g) was boiled in sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 2% SDS, and 6% ␤-mercaptoethanol), subjected to Bis-Tris Gels (NOVEX Electrophoresis System, CA, USA) for electrophoresis, and transferred to polyvinylidene difluoride (PVDF) membrane (Hybond-P, Amersham Pharmacia Biotech, England) using a standard procedure. The membrane was incubated with an affinity-purified goat polyclonal antibody raised against a peptide mapping at the carboxy terminus of mouse UCP1 (1 : 4,000 dilution, Santa Cruz Biotechnology, Inc., USA) as primary antibody and a peroxidase-conjugated affinitypurified anti-goat donkey IgG (1 : 20000 dilution, Rockland, USA) as secondary antibody. Detected protein was visualized using ECL Western blotting detection reagents and Hyperfilm ECL (Amersham Pharmacia Biotech). Signal analysis was performed on a Macintosh computer using the public domain NIH Image program (developed at the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/).
Measurement of plasma corticosterone. In experiment 2.5 ml of trunk blood was collected into tubes containing 100 l of heparin immediately after rats were decapitated. The blood was then centrifuge (3,000 rpm, 10 min), and plasma was collected into small plastic tubes and stored at 20°C. Plasma corticosterone levels were measured by RIA using the Rat corticosterone [
125 I] assay system with Amerlex TM-M magnetic separation (Amersham LIFE SCIENCE, Buckinghamshire, UK). Core temperature measurements. Immediately after rats were decapitated, core temperature was measured using a thermistor probe inserted 5 cm into the rectum. We had confirmed in the previous pilot experiment that the core temperature at this moment did not differ from that before decapitation.
Statistical analysis. Data are presented as the meanϮSEM, and ANOVA was performed using StatView software (SAS, Cary, NC, USA). The magnitude of the increase in GDP binding was assessed by 95% confidence interval.
RESULTS
Experiment 1
Effect of immobilization on body weight and food intake. Body weights were averaged through the last 3 d of experiment. There was no difference in initial body weight and food intake among the groups. As shown in Table 1 , repeated immobilization-stressed rats gained 20% less body weight (pϽ0.001) than control naive rats without a difference in food intake (per 100 g body weight).
Effect of immobilization on BAT UCP1 expression. Basal UCP1 mRNA in the repeated immobilization group was 140% of the basal UCP1 mRNA in naive rats ( Fig. 1; pϽ0.001) . In contrast, acute immobilization did not affect UCP1 gene expression level in either group (Fig. 1B) . Results of Western blot analysis demonstrated a change in UCP1 protein expression that paralleled changes in UCP1 mRNA (Fig. 1C) .
Effect of immobilization on mitochondrial GDP binding in BAT. Figure 2A group showed a 40% increase above this level (pϽ0.001). In response to acute immobilization, GDP binding of naive rats increased up to 180% (pϽ0.001) of naive-group's resting level, while repeated immobilization rats increased to 220% (pϽ0.001) of repeated-group's resting level. The acute immobilization-induced increment in GDP binding was significantly greater in repeatedly immobilized groups (338.0Ϯ73.5 pmol/mg mitochondrial protein) than in naive control group (152.9Ϯ40.9 pmol/mg mitochondrial protein) (pϽ0.05), as shown in Fig. 2B . Effect of immobilization on core temperature. In the resting condition, core temperatures of naive rats and repetitive immobilization were similar, ranging from 36.8-37.2°C (nϭ5). Acute immobilization resulted in temperature increases to 38.3-39.0°C in naive groups (pϽ0.001) and 38.2-38.8°C in repeated immobilization groups (pϽ0.001). However, this difference did not reach statistical significance (Table 1) .
Experiment 2
Effect of ADX on UCP1 expression during immobilization. Acute immobilization had no effect on UCP1 mRNA expression in Sham group rats (Fig. 3) . Resting level UCP1 expression was significantly higher in ADX group than in Sham group (pϽ0.001). UCP1 expression was significantly increased by acute IMO (pϽ0.001) (Fig. 3) . Effect of ADX on BAT mitochondrial GDP binding during immobilization. ADX resulted in significantly increased GDP binding (pϽ0.01). Acute IMO resulted in significantly increased GDP binding in Sham group (pϽ0.05) and ADX group (pϽ0.05). GDP binding in ADXϩacute IMO was significantly greater than that in Shamϩacute IMO (pϽ0.05) (Fig. 4) .
Effect of ADX on core temperature during immobilization. In the resting condition, core temperatures were 36.5-37.2°C (nϭ10) in Sham rats and 36.7-37.2°C (nϭ10) in ADX rats. Acute immobi-Immobilization Activates UCP1 Functions lization resulted in temperature increases of approximately 1.2°C in Sham groups (pϽ0.001), but had no effect on core temperature in ADX rats after acute IMO ( Table 2) .
Plasma corticosterone. Post-operative plasma corticosterone level was 5.73-20.24 ng/ml (nϭ10) in sham group rats, while was reduced down to 0.10-0.12 ng/ml in ADX rats (Table 2 ). Acute immobilization resulted in a 60% increase in sham group plasma corticosterone level, but had no effect on ADX group plasma corticosterone level.
DISCUSSION
The present study demonstrated that repeated exposure of rats to immobilization stress increased activity and expression of UCP1. This may contribute to enhanced BAT thermogenesis and reduced rate of body weight gain in repeatedly immobilized rats. In contrast, acute immobilization produced an increase in GDP binding but did not affect UCP1 expression. Exposure of ADX rats to acute stress resulted in increased UCP1 expression, suggesting that acute change in HPA-axis factors including corticosterone elevation might inhibit UCP1 expression in vivo.
Under the present experimental conditions without fasting, ulcer-like changes of the gastric intima were not observed (data not shown), which agrees with previous report of experimental ulceration in the rat [24] . This fact may exclude a possibility that this pathological trouble due to the immobilization stress reduced the body weight gain in stress-repeated group. Body mass composition was not measured in the present experiment, however, white fat mass decrease and BAT mass increase might contribute to the weight difference between naive-and repeated [6] . Further, the small body weight in the repeated group seems to be somehow regulated since food intake per unit body weight of repeated-group rats did not differ from that of naive-group rats (Table 1) . Substances, for instance leptin and thyroid hormone, relating to energy balance in the body might be involved in the mechanism of inducing body weight difference between control and repeated immobilization groups in the present experiments. Since these two substances are well known as energy expenditure stimulants and food intake inhibitors in most mammalian species including rats, if the repeated immobilization would increase the plasma level of them, it could be resulted in a decreased body weight gain. It is, however, unlikely, because leptin mRNA level was decreased in the repeated immobilization group at 1 week after beginning of repetition (data not shown), and which agrees with the findings of Harris and co-workers [27] . Similarly, thyroid hormone level in blood plasma did not change just after acute immobilization (data not shown) as well as its decrease by repeated immobilization stress [28] .
UCP1 is a principal mediator of adaptive NST and metabolic inefficiency [29] . A significant role of UCP1 in thermogenesis is demonstrated, as genetic ablation of UCP1 in mice results in a relative loss of thermogenic capacity [30] . In the present study, 3 h of immobilization increased GDP binding in naive rats and repeatedly immobilized rats, with a greater in repeatedly immobilized rats. Although the exact mechanisms that regulate UCP1 activity remain controversial [10] , GDP binding is accepted as a sufficient indicator of UCP1 activity [31] , and NST capacity is determined by the total amount of UCP1 in a small mammal. An enhancement of UCP1 expression is observed repeatedly immobilized rats and is associated with BAT hyperplasia and development of dense mitochondrial cristae [6] , which results in enhancement of thermogenic capacity and improved tolerance to cold exposure. The notion of a differential effect of repeated and acute immobilization on UCP1 activity and expression is supported by studies that demonstrate enhanced thermogenic capacity to cold stress in repeated immobilization animals and an inability maintain body temperature with same cold stress in immobilization naïve animals [6] .
Immobilization results in increased BAT thermogenic activity, increased energy metabolism [6, 8] , and increased UCP1 function. In the present study, repeated immobilization resulted in reduced body weight gain and increased energy dissipation as heat without increased energy intake. Effects of immobilization on UCP1 function. Regulation of UCP1 thermogenic function is mediated by tonic release of NE from the sympathetic nerve terminals that innervate BAT [4] . Immobilization increases sympathetic activity in BAT, as estimated by NE turnover rate [32] . In the present study, acute immobilization increased UCP1 function irrespective of repeated immobilization exposure. The increased UCP1 function occurred without a concomitant increase in gene expression, suggesting that preexisting UCP1 was activated with immobilization. The increase of UCP1 activity from basal levels in response to an acute immobilization was significantly larger in repeatedly immobilized group than in the naive group. This may be partially explained by increased UCP1 expression in repeatedly immobilized group, yielding a higher absolute UCP1 activity when stimulated by acute immobilization.
We previously demonstrated that the BAT NE turnover rate was significantly higher in repeatedly immobilized rats than in naive rats when both groups were exposed to acute immobilization [32] . Glucocorticoids possess a powerful inhibitory effect on UCP1 function by attenuating SNS activity [33] [34] [35] and by directly suppressing UCP1 gene expression [17, 20] . In the present experiment, immobilization resulted in increased serum corticosterone level. While sham operated rats showed no change in UCP1 gene expression, ADX rats had an increased basal level of UCP1 mRNA, which increased even further in response to acute immobilization. Though an influence of interception of the HPA-axis in ADX experiments should be considered, many lines of evidence showing that glucocorticoids among several corticosterone inhibits UCP1 gene expression have been accumulated [17-20, 36, 37] . Taking these into account, our results suggest that increased level of circulating glucocorticoids during acute immobilization might override the facilitative effect of sympathetic stimulation on UCP1 mRNA expression. However, sustained elevation of circulating glucocorticoids, induced by repeated stress or by exogenous administration, downregulates cytosolic glucocorticoids receptors in the brain [35, 38, 39] and increases SNS activity and responsivity. This decreased sensitivity to glucocorticoids might be the one of mechanism by which UCP1 expression is increased in repeatedly immobilized rats.
The stability of the UCP1 mRNA is determined by its half-life (after transcriptional inhibition) and can change dramatically depending on the nature and duration of stimulation [40, 41] . When rats are exposed to acute cold stimulus, the half-life of UCP1 mRNA is reduced and may account for the rapid decrease in UCP1 gene expression after cessation of stimulation [42] while the prolongation of the half-life of UCP1 (70 h) after chronic adrenergic stimulation has also been observed [41] . Therefore, the elevated mRNA level 24 h after last immobilization in the repeated immobilization group may be dependent on neuroendocrine regulatory factors as well as changes in UCP1 mRNA stability itself.
Modification of body temperature regulation in immobilized rats. Acute immobilization induces hyperthermia in rats [43] [44] [45] , which can be inhibited by BAT sympathectomy [46] . In the present experiment, core temperature increased after 3 h of acute immobilization, suggesting that BAT UCP1 activation may be directly linked to an increase of body temperature. The acute immobilization-induced increased in UCP1 activity were higher in the repeatedly immobilized rats than in naive group, suggesting that the increase in body temperature would be greater in the repeated immobilized group than in the naive group. However, there was no difference in core temperatures between these two groups following acute immobilization. This may be due to enhanced heat dissipation in repeatedly immobilized animals, as described previously [47] .
Several studies demonstrated a stimulatory effect of ADX on BAT thermogenic capacity [17, 18, 48] . However, the present data showed that core temperature did not change in ADX animals in response to acute immobilization, despite an increase in both UCP1 activity and expression (Figs. 4 and 5) . This may reflect a loss of glucocorticoid action in thermoregulation (i.e., preventing of heat preservation by vasoconstriction and prevention of mobilization of free fatty acids and glucose as fuel for thermogenesis [3] ).
In the present experiments, we demonstrated that UCP1 function was enhanced by immobilization in rats. In particular, repeated immobilization resulted in upregulation of UCP1 expression and activity and in increased BAT NST capacity. This resulted in an enhanced ability to dissipate energy, maintain body temperature during cold exposure, and maintain lower body weight.
